The metabolic balance between gross primary production (GPP) and ecosystem respiration (R) is known to display large spatial and temporal variations within shallow lakes. Thus, although estimation of aquatic metabolism using free-water measurements of dissolved oxygen concentration has become increasingly common, the explanation of the variance in the metabolic regime remains an extremely difficult task. In this study, rates of GPP, respiration (R) and the metabolic balance (net ecosystem production, NEP) were estimated in four littoral habitats with different macrophyte growth forms (floating-leaved vs submerged) over a 28-month period in lake of Kastoria (Greece), a shallow eutrophic lake. Our results showed that net heterotrophy prevailed over the studied period, suggesting that allochthonous organics fuel respiration processes in the littoral. Temporal variation in the metabolic rates was driven mainly by the seasonal variation in irradiance and water temperature, with the peak of metabolic activity occurring in summer and early autumn. Most importantly, significant spatial variation among the four habitats was observed and associated with the different macrophyte growth forms that occurred in the sites. The results highlight the importance of habitat specific characteristics for the assessment of metabolic balance and underline the potentially high contribution of littoral habitats to the whole lake metabolism.
Introduction
Ecosystem metabolism is a fundamental process that integrates the rates of production and consumption of organic matter in a given ecosystem [1] . This practically means that the balance between productivity and consumption of organic compounds defines whether the ecosystem will act as source or sink for atmospheric carbon dioxide. Lakes in particular are considered as hot spots for global carbon cycles [2, 3] because they can act as storage reservoirs and processors of terrestrial carbon [2] . Thus, it is not surprising that there is a growing interest for understanding the drivers of metabolism in lakes as it is of critical importance for describing responses of regional and global carbon fluxes to future environmental changes [3] [4] [5] . Yet, the dynamic nature of physicochemical and biological processes in lakes makes explanation of the variance in metabolic regime an extremely difficult task. Indeed, the variability in lake metabolism is related to numerous factors such as the availability of phosphorus and dissolved carbon in water [6] [7] [8] , the lake morphometry [9] [10] [11] , hydrodynamic processes and water temperature oscillations [6, 12] . This implies that the role of lakes in the carbon cycling is not always obvious as it not only relies on the response of the ecosystem to dynamic processes, such as eutrophication, but also depends on the geographic context [13] . Consequently, gross primary production and ecosystem respiration may display large temporal and spatial variations within lakes resulting in shifts in metabolic state between autotrophy, that is when net ecosystem production is positive, and heterotrophy, when net ecosystem production is negative [14] [15] [16] Estimation of aquatic metabolism using free-water measurements of dissolved oxygen concentration has become increasingly more common as the availability of new, cheap and reliable sensors facilitate high-frequency measurements and continuous monitoring of metabolic processes [4] . This technique is based on the assumption that changes in oxygen concentration reflect the biological balance between photosynthetic production and respiratory consumption as well as the physical exchange of oxygen between air and water. Thus, gross primary production (GPP), ecosystem respiration (R) and the metabolic balance (net ecosystem production, NEP) can be estimated throughout a 24-h period [9] . Once technical improvements in oxygen sensors made possible the continuous monitoring of oxygen concentration and relevant physico-chemical parameters, the diel oxygen technique has been widely used in limnology for assessing the temporal dynamics of aquatic metabolism and analyzing the main drivers [4] .
Nevertheless, most studies on aquatic metabolism have been limited in north-temperate systems and concern the pelagic habitats without taking into consideration the metabolic processes that occur in the littoral [17] . Only a few studies have covered both pelagic and littoral habitats [18] [19] [20] and even fewer have taken into account the role of the littoral aquatic vegetation and periphytic communities [21] . In addition, there is a profound lack of studies that have dealt with the dynamics of ecosystem metabolism in shallow warm lakes. Particularly in polymictic shallow lakes, which are susceptible to warming and wind induced mixing effects, aquatic metabolism is expected to display highly dynamic behavior with abrupt changes within short periods (e.g., weeks) and to present larger variability in the littoral than the open water due to the presence of benthic littoral communities and their interaction with the land-water interface (e.g., benthic aquatic vegetation) [22] .
The overall aim of this study was to expand our knowledge of spatiotemporal dynamics of metabolism in polymictic shallow lakes with emphasis placed on the role of aquatic vegetation that grows in littoral habitats. The specific objectives were to assess the spatiotemporal variations of metabolic balance in littoral habitats of a shallow polymictic lake and to identify the main drivers of metabolic estimates (GPP, R, NEP) regarding the aquatic vegetation. To this end we calculated metabolic estimates at four littoral habitats of a shallow polymictic Mediterranean lake for a 28-month period using an extensive dataset of continuous measurements of dissolved oxygen concentration and relevant physicochemical and climate parameters. Temporal and spatial dynamics were assessed with respect to special characteristics of the examined habitats (aquatic plants, surrounding land uses) and linear models were employed to identify the main drivers of GPP, R, and NEP. Our basic hypotheses were that the littoral habitats would be predominantly heterotrophic and that would display large variations in metabolism driven mainly by temperature and irradiance oscillations. We also expected that the spatial variation in metabolic rates would be determined primarily by the type of aquatic macrophyte growth from.
Materials and Methods

Site Description
The study was conducted in Lake Kastoria situated in northern Greece (40°31′ N and 21°18′ E, Figure 1 ). The lake area covers approximately 28 km 2 , has a maximum depth of 9 m, an average depth of 4.4 m and a water retention time greater than 2 years (Table 1) . Lake Kastoria is considered a highly eutrophic system with a history of toxic cyanobacterial blooms [23] . The land uses in the catchment are diverse with agricultures being dominant. The lake had been receiving sewage effluents from the city of Kastoria until 1995. Anthropogenic interventions in the lake include hydraulic adjustments, fish stock management, introduction of cyprinoids, and aquatic macrophyte cutting and removal. High concentrations of inorganic nitrogen and phosphorus have been reported from previous studies [23] [24] [25] [26] . Elevated cyanobacteria biomass has also been reported in the past that is related with a history of toxic cyanobacterial blooms [27] . Aquatic vegetation of the lake is predominantly limited to the littoral zone since the high water turbidity constrains the growth of submerged hydrophytes in the deeper parts. The most common submerged macrophytes are Myriophyllum spicatum (L.) and Ceratophyllum demersum (L.). The floating-leaved Trapa natans (L.) forms extensive mats usually found at the eastern and western parts of the lake [24, 25] . 
Collection of Data
The automated stations equipped with a sonde were deployed at the littoral zone of the lake at four sites with different habitat characteristics with respect to the local influences from the adjacent land uses, hydrological inputs and the dominant aquatic vegetation (Table 2 ). In addition, the four sites differ significantly in terms of impacts by human pressures and alterations in lake shore [28] . Site S1 is located at the northern part close to the mouth of a small stream. This part of the lake is influenced by the agricultural runoffs that originate from the cultivations in the adjacent area. The benthic vegetation is dominated by submerged macrophytes, mainly Myriophyllum spicatum and Ceratophyllum demersum. Site S2 is located at the south-eastern shore close to a small stream in which the lake outflows through a floodgate. The benthic vegetation in the site is characterized mainly by Myriophyllum spicatum and Ceratophyllum demersum. Sites S3 and S4 are located at the western part of the lake and are mostly influenced by the urbanized land uses of the city of Kastoria. The aquatic vegetation in these sites is characterized by the dominance of the floating-leaved macrophyte Trapa natans.
Measurements of dissolved oxygen concentration, water temperature and chlorophyll-a concentration were taken continuously at 1m depth every 1 h for 28 months ( Table 3 ). The sondes were equipped with a self-cleaning optical sensor for dissolved oxygen. The oxygen sensors were calibrated prior and after deployment every 30 days. No drifts of the sensor were observed between calibrations. Photosynthetically active radiation (PAR) and wind speed were obtained with a meteorological station placed at the eastern shore of the lake. All meteorological measurements were made at 10-min intervals and then averaged per hour for analysis. Wind speed was converted to wind speed at 10 m height based on the common exponential wind profile assumption [29] . This simple algorithm, which is based on a neutrally stable boundary layer assumption, is widely used for estimating standard wind speed at 10 m height from lower height measurements and requires less data than other more sophisticated methods that correct for atmospheric stability [30] . Gas exchange velocity (K600) was calculated using the Vachon and Prairie gas flux model [31] . Recently, it was shown by Dugan et al. [32] that the choice of gas flux model is of critical importance for metabolism studies as there is more uncertainty in model choice than in the parameterization of the metabolism model. Here we used the Vachon and Prairie model because it requires only the input of wind speed and lake area but provides similar estimations of K600 with those of surface renewal models that take into account other processes than wind that influence gas exchange [32] . All data were screened prior analysis to remove out-of-range values and anomalous measurements that were extreme outliers. chl-a 1h
Estimation of Metabolic Balance
Metabolic estimates of GPP and community respiration (R) were calculated with a metabolism model that accounts for both process and observation error using a Kalman filter algorithm as described by Batt and Carpenter [33] . Besides the systematic error derived from the data generating process and the calculation process defined by the metabolism model (process error), error can also result from inaccuracies in the measurement of DO resulting in increasing variability (noisy data). A metabolism model using a Kalman filter makes the distinction between the two error types by incorporating two sets of equations that describe the process and observation components of the model [29] . This model excels in relation to simpler models since it provides more accurate estimates of metabolism components as shown by Batt and Carpenter [33] . The calculation of metabolism is achieved with linear regression models that fit the parameters ι and ρ using maximum likelihood. Parameter ι describes GPP per unit of incoming light and parameter ρ the average rate of respiration per natural log of water temperature. The equation that gives the modeled dissolved oxygen concentration is:
where at−1 is the modeled oxygen concentration of the previous state, ι and ρ are the parameters to be estimated, I is incoming light, logeT is the natural log of water temperature and F is the discrete atmospheric gas exchange and ε the process error. Observation error is estimated using observed values of DO. Then, GPP at a time step t can be estimated as:
And R as:
Model fitting, optimization, and calculation of daily estimates of GPP, R, and NEP (the metabolic balance expressed as GPP-R) were conducted in R with the function metab.kalman of the package LakeMetabolizer [29] . A detailed description of the equations is included in the publication of Winslow et al. [29] . Impossible estimations of GPP and R (negative GPP and positive R) were omitted from further analyses.
Statistical Analysis
Pearson correlations were run to explore potential relationships between daily metabolic rates and daily means of environmental variables. Then we employed linear models to investigate for the dependence of metabolic estimates on the wind speed at 10m above surface, PAR, chlorophyll-a concentration (Chl-a), electrical conductivity (EC), water temperature and the sampling site as a factor predictor with four levels (S1,S2,S3, and S4). A second series of models was developed using monthly means to further examine the dependencies on metabolism at coarser time scale. For each metabolic estimate, a full model (all descriptors included) was built with the glm function in R [34] .
Then using the dredge function from package MuMIN [35] we obtained the best possible model based on the ranking of the models according to the Akaike information criterion (AIC). Pseudo-R 2 values for each model were computed with the r.squaredLR function. Prior to the statistical modeling, Box-Cox transformation was applied to all variables. In addition, Kruskal-Wallis was conducted to test for significant differences in environmental variables among the four sites.
Results
Spatiotemporal Dynamics of Environmental Parameters
The results showed the expected seasonal trends in monthly means of the abiotic parameters calculated by pooled daily measurements (all sites included). The variation of dissolved oxygen concentration and pH followed a clear seasonal pattern in both years ( Figure 2 ). Higher monthly means of DO were recorded in winter (January 2016, January 2017 and February 2018) followed by a declining trend until November (2016, 2017). The peak of mean monthly pH was observed in September, for both 2016 and 2017 (8.82 and 8.66 respectively), and the minimum in November (7.87 in 2016 and 8.03 in 2017). Conductivity also fluctuated seasonally showing an obvious decline until September followed by a recovery until early spring. Chl-a concentration showed a less obvious seasonal variation with peaks recorded in January, September, and October of 2016 and in May of 2017. By further examining the seasonal trends for each monitoring site we identify the same consistent pattern, but in parallel we can observe the presence of small spatial differences ( Figure 3 ). Concerning the meteorological parameters the variability showed the expected seasonality ( Figure 5 ). It is worth noting the highly variable air temperature ranging from several degrees below 0 °C in winter up to 30 °C during the summer. Wind speed in general remained low with events of higher value (but no more than 4 m/s) occurring more frequently during winter. 
Temporal Dynamics of Metabolic Estimates
Rates of GPP and R (calculated from pooled daily estimates from the four sites) increased during spring, reached a maximum in late summer (August and September) and declined in fall and winter for both years ( By further examining temporal trends on a daily time scale (Figure 7 ) it is obvious that higher metabolic activity occurs during summer months with high daily rates of respiration peaking during late autumn. In addition, NEP is predominantly heterotrophic with short periods of autotrophy noted during spring of 2016 and rarer in summer of 2017. Regardless, both monthly and daily timescales reveal the same trends, although aggregation of the daily estimates into monthly timescale smoothes extreme daily variations revealing clearer patterns.
Regarding the temporal variation among sites, the rates of GPP and R in S3 and S4 showed larger variation than those for sites S1 and S2, particularly during the warm months of summer and early autumn (Figure 8) . Furthermore, the monthly rates exceeded those of S3 and S4 for most of the duration of the study. Less obvious differences were observed in the monthly rates of NEP, with sites S3 and S4 being characterized by negative NEP rates for most of the studied period. Sites S1 and S2 showed mostly positive NEP rates during spring months of 2016, from April to June, when started to shift towards heterotrophy. In 2017 the metabolic balance in all the examined habitats was predominantly heterotrophic (mean NEP < 0). 
Spatial Differences in Metabolic Estimates
The results showed that GPP, R, and NEP rates calculated by pooled daily estimates for the study period differed significantly among the four monitoring stations (Figure 9 
Exploring Relationships between Metabolic Estimates and Environmental Variables
Correlations between the metabolic estimates, abiotic variables, and chlorophyll-a concentration showed that rates of GPP, NEP and R were strongly related with temperature (both air and water), PAR and DO.Furthermore, GPP and NEP showed significant correlations with pH.
Chlorophyll-a concentration correlated significantly with the metabolic estimates, but with lower coefficients. High correlations between GPP and NEP with R were also noted ( Table 4) .
The best linear models that were built using daily data (GPPd, Rd, NEPd in Table 5 ) showed as significant descriptors of GPPd (p<0.001) the water temperature, PAR, wind speed, and conductivity, followed by Chl-a (p=0.086). For Rd, PAR, water temperature and conductivity were significant model descriptors (p<0.001). PAR, wind and Chl-a were primarily the most significant model parameters explaining the NEPd variation (p<0.001) followed by conductivity (p=0.039). Sites S3 and S4 also had a significant effect (p<0.001) on GPP and R. In addition, R and NEP differed significantly between S2, S3, S4, and the S1. The pseudo-R 2 value for the GPPd, Rd, and NEPd models were 0.544, 0.334 and 0.170 respectively (Table 5) .
Concerning the models that were built with monthly data there were some obvious differences compared to the output of the "daily models". The most significant predictors (p<0.001) for the GPP model were the water temperature and wind speed (p<0.001) followed by Chl-a (p=0.112). Sites S3 and S4 differed significantly from the base level (site S1) as they were for the GPPd too. However, in contrast with the GPPd, PAR and conductivity were dropped during model selection process. On the contrary, the best Rm model showed the same predictors with the Rd (PAR, Wtr and EC) as the most important. The spatial effect was also very similar with the only difference the lower significance levels between S2, S4, and S1. The best NEPm was quite different from NEPd as only PAR and water temperature where the top predictors and wind speed was not significant (p=0.069). An interesting result, compared to the NEPd model, is that the site did not had such an important effect on explaining the variation of monthly NEP as only S2 was found to differ significantly with S1. Finally, the pseudo-R 2 values were 0.778, 0.606 and 0.401 for the GPPm, Rm, and NEPm respectively, suggesting that the "monthly" models explain larger portion of the total variance in the metabolic estimates. Table 4 .Pearson correlation coefficients between daily estimates of gross (GPP) and net (NEP) ecosystem production, respiration (R), daily mean wind speed at 10 m above surface (wind), relative humidity (Rh), daily mean photosynthetically active radiation (PAR), daily mean air temperature (AirT.), daily mean chlorophyll-a concentration, daily mean electrical conductivity (EC), daily mean dissolved oxygen concentration (DO), daily mean pH and daily mean water temperature (Wtr.). **indicates significance level p<0.001 and * significance p<0.05. 
Discussion
In this study, we estimated the spatiotemporal dynamics of metabolic estimates in four littoral sites with different characteristics in terms of surrounding landscape and dominant aquatic vegetation. Furthermore, we explored for key environmental factors that may control the variability in metabolism accounting for the localized influence of littoral habitats. It is worth noting that many studies have attempted to assess metabolic rates by using free-water measurements usually taken from a single site located at the pelagic zone of the lake without taking into account the metabolic rates in the shallow littoral. With this regard, our work can provide significant insight concerning metabolic dynamics in littoral habitats, yet due to lack of measurements from pelagic areas we cannot draw safe conclusions for the whole lake metabolism.
Daily vs Monthly Variation in Metabolic Estimates
Estimations of aquatic metabolism always contain a significant amount of uncertainty associated with the measurements of DO concentrations, the quantification of air-water exchange and the spatial heterogeneity of oxygen dynamics [9, 16, 32, 36] . In our case, daily metabolic estimates showed large variation, particularly during the summer months, that reflects not only the inherent uncertainty of metabolism estimation but also the dynamic behavior of shallow lake processes. Although large day-to-day variation is often attributed to methodological noise and uncertainty [14, 37] , there are also studies that underline the role of extreme climate events (storms and floods) in causing irregularities in metabolic dynamics [9] . Additionally, it was shown by Hanson et al. [38] that internal waves and other short-term mixing events (e.g., diurnal mixing phenomena) can affect the atmospheric flux of dissolved oxygen altering the metabolic estimates. It becomes obvious that there are several stochastic phenomena that can cause abrupt changes in the daily variation of metabolism which hinders our capability to explain the observed dynamics.
However, when the metabolic estimates were aggregated in monthly means our results showed more clearly the usual expected temporal trends that follow the seasonal variation of temperature and irradiance. This is also highlighted by Staehr et al. [9] in an extensive review where they reported that smoothing the high-frequency measurements would reduce uncertainties. In the same article the authors also recommended that a minimum measurement frequency of 1 hour is optimal for capturing the effects of short-term mixing events on dissolved oxygen, which complies with our monitoring strategy.
Spatial and Temporal Heterogeneity in Environmental Variables
All the investigated environmental parameters differed significantly among the four sites highlighting the spatial heterogeneity in water physicochemistry probably associated with the special local features and particularly the occurrence of aquatic vegetation in each habitat. Aquatic macrophytes are known to engineer their environment in various ways. For instance, Andersen et al. [39] showed that extensive coverage by charophytes in a shallow lake can influence the thermal regime and mechanical mixing within the lake. In this work, it was shown that regarding spatial variations in oxygen concentration the two sites S3 and S4, characterized by the dominance of the floating-leaved macrophyte Trapa natans, presented significantly lower concentrations than the sites with the submerged macrophytes. One possible explanation is related with the effects of floating-leaved mats of Trapa natans on the diurnal and seasonal dynamics of oxygen concentration [40] [41] [42] . These studies showed in particular that Trapa during summer develops large floating leaves forming dense mats that may promote larger oxygen depletion than the submerged vegetation. This could explain the lower oxygen concentrations measured in sites S3 and S4, although the differences were not as large as those marked by Caraco et al. [41] , probably because Trapa in the studied lake formed less dense mats [25] . The occurrence of floating-leaved vegetation could also explain the lower concentration of chl-a due to shading effect creating poor light conditions that limit phytoplankton growth [43] . In an experimental study, De Tezanos Pinto et al. [44] showed that shading due to free-floating-leaved plants had a substantial effect on decreasing phytoplankton biomass and significantly lowering oxygen concentration causing hypoxia. Another likely explanation could be related with the agricultural runoffs at sites S1 and S2 that may have contributed into elevating phytoplankton biomass due to increased nutrient input. Furthermore, physicochemical conditions in S2 are likely to be influenced by flushing events (usually occurring during spring) that divert lake water to a nearby stream through a floodgate to manage high water levels.
Drivers of Temporal Variation in Metabolism
Our results showed that the temporal patterns of rates of GPP and R resembled those from other studies where the highest mean monthly values of GPP and R reached in late summer and the lowest in winter months [14, 45, 46] . This seasonal pattern was evidenced by the high dependency found between daily estimates of GPP, water temperature, and PAR. This agrees with the results for other shallow lakes (where seasonal patterns of GPP were driven by the temporal variations in water temperature and irradiance [14, 22, 45, 46] ). Besides, high summer temperatures can trigger high algal biomass that contributes to high rates of GPP [14] . However, in this study GPP showed weak correlation with algal biomass (chl-a) while both GPPd and GPPm models included chl-a as a non-significant predictor. This implies that high GPP rates in summer are driven by the growth of aquatic vegetation and periphyton in the littoral. The contribution of aquatic macrophytes in GPP was recently shown by Alfonso et al. [46] in a study of two eutrophic lakes with similar nutrient concentrations and contrasting submerged plant cover with the lake with abundant submerged plants presenting substantially higher GPP rates than the one with no macrophytes. Previous studies also had shown the significant effect of benthic vegetation in the metabolic processes by comparing vegetated littoral habitats with pelagic open water [18, 19, 47] . PAR and water temperature also were significant predictors for both Rd and Rm models which agrees with previous studies [14, 22, 46] .
Regarding the temporal variation of the metabolic balance, it was shown that NEP inclined towards autotrophy during the spring months (April to June), when temperature and irradiance started to increase, but for the rest of the year it remained clearly heterotrophic. Positive monthly averages of NEP were observed only in site S2 from April to June of 2016. Higher negative rates of NEP were calculated during autumn (peak in November 2016 and 2017) when high respiration coincided with low productivity. This finding practically implies that respiration in autumn was predominantly fueled by decomposition of allochthonous organic material originated most likely from organics accumulated in the bottom following the highly productive summer months. This conclusion is further supported by a relatively moderate coupling we found between R and GPP. In general, a strong coupling between R and GPP indicates that respiration of autotrophs and heterotrophs relies on the autochthonous organic compounds that the autotrophs produce. The proportion of the GPP that is respired is estimated by models as high as approximately 80% and a slope of respiration on GPP between 0.8 and 1.0 usually reflects a high dependency of R on GPP [16] . In contrast, in highly eutrophic lakes the respiration-GPP coupling decreases substantially due to respiration of excessive production accumulated in the system [16, 40] . In our case a slope of 0.77 of R on GPP suggests that respiration is likely fueled by allochthonous organic material, meaning either accumulated organics or inputs from the land-water interface, explaining the persistence of heterotrophy over longer periods. High contribution of allochthonous organic matter combined with favorable abiotic conditions enhance the growth of the heterotrophic community resulting in higher respiration rates than primary production [48] . In our case it is possible that the decayed aquatic plants in late autumn provide an additional source of organic matter that boosts the microbial respiration. Besides increasing respiration, input of allochthonous organic carbon into lake food webs has been shown to constrain productivity [49] by limiting light and nutrient availability further pushing metabolic balance to heterotrophy. It is very likely that the heterotrophic littoral greatly shapes the metabolic balance of the whole ecosystem shifting it towards heterotrophy even in the pelagic habitats. Although we do not have the evidence to support this statement, we know from the literature that aquatic metabolism in the littoral habitats is more dynamic and exhibits much larger metabolic rates than in pelagic [18, 19] . This means, as Lauster et al. [18] suggested, that extensive littoral habitats would have a significant impact on the pelagic metabolism of shallow and small lakes. In addition, taking into account that there is a growing consensus that shallow productive and rich in dissolved organic carbon lakes are heterotrophic [16, 48, 50, 51] we consider highly probable that the whole lake metabolism in our studied lake will be predominantly heterotrophic for most of the year.
Drivers of Spatial Heterogeneity in Metabolism
The studied habitats differed not only in their dissolved oxygen variability but also in the metabolic estimates (GPP and R) and their balance. Specifically, it was shown that GPP and R rates in sites S3 and S4 (Trapa natans dominance) were significantly higher than those in S1 and S2 (submerged vegetation beds). We consider more likely that these differences were due to the prevailing types of macrophyte vegetation. The contrasting role of floating-leaved vs submerged vegetation on water chemistry and plankton dynamics has been documented in numerous articles [24, [52] [53] [54] . Yet, studies that have examined metabolic processes between areas with contrasting macrophyte life forms within the same lake are missing.There are a few examples from the literature that compare either metabolic rates between macrophyte stands from different lakes [18] or within the same river reach [40] . The study of Caraco and Cole [40] is more relevant with our case as it simulated NEP rates within a Trapa natans and a submerged vegetation bed and found substantially higher negative values for the Trapa natans bed which agrees with our observations. It is worth mentioning that Caraco and Cole attributed further variation in oxygen dynamics and metabolic rates to the size and the plant density of the Trapa bed explaining that in less dense macrophyte stands light can reach the submersed leaves of Trapa promoting high enough rates of GPP to offset the extremely large rates of R. This is probably the case in Lake Kastoria where less dense and even sporadic clusters of Trapa could explain why we did not record extremely low concentrations of DO and very low GPP rates.
There are other local factors that may have influenced the metabolic processes indirectly in the littoral. For instance, the surrounding landscape at both sites S1 and S2 is dominated by agricultures while S1 is additionally influenced by agricultural runoffs (originating mainly by orchards) that drain into ditches and streams that flow in the lake. This implies that agricultural runoffs may have a profound impact on nutrients and littoral communities affecting locally the metabolic rates. These effects were exemplified by Alfonso et al. [55] who documented that water inputs in a shallow lake in Argentina due to agricultural runoffs coincided with changes in nutrients and conductivity resulting in increased GPP and R rates. In our case however the observed pattern of spatial differences and the lack of additional information (e.g., nutrient concentrations and inflows) do not allow us to draw safe conclusions about the role of surrounding landuses and surface runoffs on the aquatic metabolism.
Conclusions
Our findings highlight the importance of interpreting metabolic rate measurements and temporal patterns of metabolic balance in littoral habitats of shallow lakes. In addition, this study underlines the importance of local-specific characteristics as drivers of productivity and respiration processes. In conclusion, we demonstrated that littoral habitats can exhibit dynamic temporal and spatial variability in metabolic estimates that is driven not only by water temperature and irradiance, but by local factors as well, such as the growth form of the prevailing aquatic vegetation. We also showed that the metabolic balance in the littoral was predominantly heterotrophic implying that a large portion of the lake acts as source of atmospheric carbon. Although we lack estimations of metabolism from pelagic areas, we consider very likely that the whole lake metabolism is greatly affected by the benthic communities in the littoral and thus it exhibits a heterotrophic metabolic state over large periods of the year. Consequently, we suggest that studies of metabolism in shallow lakes should take into account measurements with a wide distribution along the littoral spanning over large time scales to capture as much spatiotemporal variability as possible. Future research could focus on the effects of additional environmental factors and local management practices on the metabolic processes to enhance our understanding of the main drivers of metabolism in shallow lakes.
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